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In  this  study,  a  series  of  nanocomposite  polymer  electrolytes  (CPEs),  PAN/LiC104/SAP,  with  high  conduc¬ 
tivity  are  prepared  based  on  polyacrylonitrile  (PAN),  LiC104  and  low  content  of  the  silica  aerogel  powder 
(SAP)  prepared  by  the  sol-gel  method  with  ionic  liquid  (IL)  as  the  template.  The  effect  of  addition  of 
SAP  on  the  properties  of  the  CPEs  is  investigated  by  FTIR,  AC  impedance,  linear  sweep  voltagrams  and 
cyclic  voltammetry  measurements  as  well  as  the  charge-discharge  performance.  It  is  found  that  the 
ionic  conductivity  of  the  CPE  is  significantly  improved  by  addition  of  SAP.  The  maximum  ambient  ionic 
conductivity  of  CPEs  is  about  12.5  times  higher  than  that  without  addition  of  SAP.  The  results  of  the 
voltammetry  measurements  of  CPE-3,  which  contained  3  wt%  of  SAP,  show  that  the  anodic  and  cathodic 
peaks  are  well  maintained  after  100  cycles,  showing  excellent  electrochemical  stability  and  cyclability 
over  the  potential  range  between  0  V  and  4  V  vs.  Li/Li+.  Besides,  the  room  temperature  discharge  capacity 
measured  at  0.5C  for  the  coin  cell  based  on  CPE-3  is  120  mAh  g-1  and  the  capacity  is  retained  after  20 
cycles  discharge,  indicating  the  potential  for  practical  use.  This  is  perhaps  the  first  report  of  the  room 
temperature  charge-discharge  performance  on  the  solid  composite  polymer  electrolyte  to  the  best  of 
our  knowledge. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  years,  lithium  batteries  played  a  key  role  in  the 
storage  of  intermittent  energy  sources,  including  solar  or  wind, 
as  well  as  in  the  powering  of  controlled  emission,  electric  or 
hybrid  vehicles.  However,  most  of  the  lithium  batteries  which  com¬ 
posed  of  liquid  electrolyte  or  gel  electrolyte  have  suffered  poor 
mechanical  property  and  the  possible  hazard  caused  by  the  organic 
solvent  incorporated  and  a  progressive  evaporation  of  excess  liq¬ 
uid  solvent,  which  may  induce  a  progressive  decrease  in  the  ionic 
conductivity  [1].  In  order  to  solve  these  problems,  solid  polymer 
electrolytes  have  been  suggested.  Nevertheless,  most  of  the  solid 
polymer  electrolytes  reported  had  several  disadvantages,  which 
limit  their  commercial  applications.  One  major  drawback  is  their 
relatively  low  ionic  conductivity  at  ambient  temperature.  Several 
approaches  have  been  applied  to  improve  their  room  temperature 
ionic  conductivity  [2].  One  of  the  most  successful  approaches  to 
improve  it  is  to  prepare  the  composite  polymer  electrolytes  (CPEs) 
by  addition  of  inorganic  fillers,  which  include  ceramics  [1,3-9], 
layer  clays  [10-12],  organic-inorganic  hybrid  materials  [13,14] 
and  mesoporous  materials  [15-20].  The  results  showed  that  addi¬ 
tion  of  the  inorganic  fillers  has  improved  many  properties  of  the 
polymer  electrolytes,  such  as  ionic  conductivity,  lithium  ion  trans¬ 
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ference  number  (t+),  mechanical  properties,  and  the  stability  of 
electrolyte-electrode  interface.  These  improvements  have  been 
ascribed  to  the  fillers  that  (1 )  acted  as  the  plasticizers  and  lowered 
the  crystalline  of  the  polymer  matrix  [21  ],  (2)  increased  ion  mobil¬ 
ity  by  providing  additional  conductive  pathway  due  to  formation  of 
the  Lewis  acid-base  interactions  [22],  and  (3)  increased  the  number 
of  charge  carriers  due  to  enhancement  of  the  salt  dissociation  [23]. 
Besides,  it  was  found  that  the  conductivity  of  CPE  was  varied  with 
the  morphology  of  the  filler.  For  example,  compared  to  the  non- 
porous  particle  fillers,  the  corresponding  mesoporous  fillers  usually 
showed  larger  enhancement  on  its  conductivity  in  the  CPEs  due  to 
its  higher  surface  area  [17,18]  and  the  larger  pores,  facilitating  the 
intercalation  of  the  polymer  chains  [24].  However,  the  conductivi¬ 
ties  and  other  related  properties  reported  are  still  not  high  enough 
for  practical  application.  Therefore,  finding  new  filler,  which  can 
enhance  the  electrochemical  properties  of  the  solid  polymer  elec¬ 
trolyte  and  the  corresponding  lithium  battery  performance,  is  still 
an  attractive  topic. 

Silica  aerogel  is  a  tunable  and  designable  material  which  pos¬ 
sesses  unique  properties  and  features  [25],  such  as  low  density 
(0.003-0.5 gem-3),  high  porosity  (90-99%),  large  surface  area 
(>800  m2  g-1 )  and  interconnected  pores  and  has  been  employed  in 
many  applications  [26].  In  our  previous  studies  [19],  we  found  that 
with  addition  of  the  silica  aerogel  powder  (SAP)  prepared  the  ionic 
conductivity,  cation  transference  and  other  related  properties  of 
the  PEO-based  polymer  composite  electrolyte  for  lithium  battery 
were  significantly  increased.  Nevertheless,  the  charge-discharge 
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Table  1 

Compositions  and  abbreviations  of  the  composites. 


PAN  (g) 

LiC104  (g) 

SAP (wt%) 

CPE-0 

0.20 

0.241 

0 

CPE-1 

0.20 

0.241 

1 

CPE-2 

0.20 

0.241 

2 

CPE-3 

0.20 

0.241 

3 

CPE-4 

0.20 

0.241 

4 

CP-3 

0.20 

0 

3 

capacities  of  the  lithium  battery  fabricated  with  the  solid  composite 
polymer  electrolyte  was  unable  to  be  measured  at  room  tempera¬ 
ture  due  to  the  low  conductivity  and  mechanical  property.  In  fact,  to 
the  best  of  our  knowledge,  none  of  the  charge-discharge  capacity 
has  been  reported  for  the  solid  polymer  electrolyte  lithium  battery 
at  room  temperature. 

In  this  study,  silica  aerogel  powder  (SAP)  was  prepared  by 
sol-gel  polymerization  method  as  described  previously  [19].  The 
as-prepared  SAP  was  used  as  a  filler  to  prepare  a  series  of  PAN- 
based  CPEs  with  LiC104.  It  was  anticipated  that  the  interconnected 
pores  of  SAP  and  the  amorphous  PAN  matrix  would  provide  shorter 
ion  transport  paths,  resulting  in  higher  conductivity,  better  com¬ 
patibility  with  the  electrodes,  enhancing  the  cyclability  and  better 
mechanical  property.  Therefore,  the  effect  of  addition  of  SAP  on 
the  ionic  conductivity  and  electrochemical  property  of  the  CPEs 
were  studied.  Furthermore,  the  charge-discharge  capacities  of  the 
lithium  batteries  fabricated  with  the  as-prepared  CPEs  as  the  solid 
composite  polymer  electrolytes  have  also  been  investigated. 

2.  Experiment 

2.1.  Material 

Polyacrylonitrile  (PAN,  Mw:  150,000,  Sp2),  lithium  perchlorate 
(LiC104)  (reagent  grade),  and  dimethylformamide  (DMF)  were  pur¬ 
chased  from  Aldrich.  LiC104  was  dried  under  vacuum  (<10-3  Torr) 
for  24  h  at  140  °C  before  use.  The  silica  aerogel  powder  (SAP)  was 
prepared  according  to  the  method  reported  by  us  previously  [19]. 
The  surface  area,  pore  diameter  and  pore  volume  of  SAP  measure 
was  61 9  m2  g_1 ,  7.0  nm  and  1 .2  cm3  g-1 ,  respectively.  The  LiFeP04 
electrode  used  in  the  coin  cell  for  the  charge/discharge  measure¬ 
ment  was  provided  by  Tatung  Fine  Chemicals  Company,  Taiwan 
and  used  as  received. 

2.2.  Preparation  of  the  composite  polymer  electrolytes  (CPEs ) 

To  prepare  the  PAN/LiC104/SAP  composite  polymer  electrolyte 
(CPE),  0.200  g  of  PAN  was  first  dissolved  with  a  small  amount  of 
DMF.  Then,  0.241  g  of  lithium  salt,  LiC104,  was  added,  and  the  solu¬ 
tion  was  well  stirred.  A  designated  amount  of  SAP  was  then  added 
and  the  PAN/LiC104/SAP  solution  was  further  sonicated  for  15  min 
using  an  ultrasound  bath  by  Delta  D200H  to  disperse  the  SAP  par¬ 
ticles.  The  solution  was  later  cast  on  a  flat  glass  slide  and  dried 
in  a  vacuum  oven  at  80  °C  for  at  least  24  h  to  remove  the  solvent. 
The  average  thickness  of  the  polymer  electrolyte  membranes  was 
about  150  pan.  In  the  rest  of  this  study,  CPE-x  is  used  as  the  abbre¬ 
viation  of  the  polymer  electrolyte  sample  containing  xwt%  of  SAP. 
The  compositions  and  the  abbreviations  of  CPEs  and  CPs  are  listed 
in  Table  1. 

2.3.  Instruments 

2.3 A.  Characterization 

The  ionic  conductivities  of  the  composite  polymer  electrolytes 
were  measured  by  the  AC  impedance  method  in  the  tempera¬ 
ture  ranging  from  30  °C  to  80  °C.  The  samples  were  sandwiched 


between  stainless  steel  blocking  electrodes  and  placed  in  a 
temperature-controlled  oven  at  vacuum  (<1 0-2  Torr)  for  2  h  before 
measurement.  The  experiments  were  performed  in  a  constant  area 
cylindrical  cell  of  an  electrode  diameter  of  1 .76  cm2 .  The  impedance 
measurements  were  carried  out  on  a  computer  interfaced  with  an 
HP  4192A  impedance  analyzer  over  the  frequency  range  of  5  Hz  to 
13  MHz. 

The  FT-IR  spectra  of  the  CPEs  were  recorded  on  a  Bio-Rad 
FTS-7  (Bio-Rad  Instruments,  USA)  with  a  wave  number  resolu¬ 
tion  of  2  cm-1.  For  preparation  of  the  sample,  the  corresponding 
PAN/LiC104/SAP  solution  prepared  as  described  in  the  last  para¬ 
graph  was  cast  onto  a  KBr  disk  and  the  solvent  was  removed  under 
vacuum  at  80  °C  for  24  h  then  stored  in  the  dry  box  for  2  h  before 
measurement. 

High-resolution  solid-state  7Li  NMR  spectra  were  recorded  on  a 
Bruker  DSX-400  spectrometer  (Bruker  Instruments,  Billerica,  MA, 
USA)  at  a  resonance  frequency  of  155.5  MHz.  The  chemical  shifts 
were  externally  referenced  to  the  solution  of  LiCl  at  0.0  ppm.  For 
preparation  of  the  measurement  specimen,  some  NaCl  was  mixed 
with  small  amount  of  the  cut  tiny  fragments  sample  to  increase  its 
weight  in  the  sample  tube,  meeting  the  handling  requirement. 

2.3.2.  Mechanical  property 

The  mechanical  properties  of  CPE-0  and  CPE-3  were  measured 
using  a  tensile  tester  (Q-test)  equipped  with  a  100-N  load  cell 
and  interfaced  with  a  computer  for  data  collection.  According 
to  ASTM  D638  standard,  the  specimens  used  had  dimensions  of 
1 50  mm  x  1 5  mm  x  2  mm,  and  the  test  speed  was  2  in.  min-1 . 

2.3.3.  Electrochemical  property 

The  electrochemical  properties  of  the  as-prepared  composite 
polymer  electrolyte  films  were  studied  by  the  linear  sweep  voltam¬ 
metry  and  cyclic  voltammetry  measurements  on  a  three-electrode 
cell,  in  which  the  Pt  plate  employed  as  the  working  electrode  and 
the  lithium  metals  served  as  the  counter  and  reference  electrode 
was  mounted  on  the  SS  substrate,  individually,  in  the  cell.  The  cell 
was  put  in  a  dry  box  filled  with  argon  gas.  The  linear  sweep  was  run 
from  2.5  V  to  6.0  V  (vs.  Li/Li+)  and  the  cyclic  voltammetry  potential 
range  was  0-4  V  (vs.  Li/Li+)  at  a  scan  rate  of  10mVs-1. 

The  charge-discharge  abilities  of  CPE-x  were  investigated 
with  the  coin  cells  composed  of  Li  metal,  CPE-x  and  LiFeP04 
(Li/CPE-x/LiFeP04).  The  cells  used  were  coin  type  cells  (2032)  and 
constructed  in  an  argon  filled  glove  box  using  a  coin  cell  crimping 
machine  (LE-2032,  Hao  Ju  Comp.,  Taiwan).  Electrochemical  mea¬ 
surement  was  carried  out  using  a  MACCOR  2200system  (MACCOR, 
Inc.  Tulsa,  Oklahoma,  USA).  The  assembled  coin  cell  was  subjected 
to  preconditioning  with  a  cut-off  voltage  of  4.2  V  for  the  upper  limit 
and  2.5  V  for  the  lower  limit  at  a  charge  rate  of  0.5  C  for  twenty 
cycles. 

3.  Results  and  discussions 

3A.  Ionic  conductivity 

Generally,  the  ionic  conductivity  of  an  electrolyte,  cr,  relates  to 
the  number  of  the  charge  carriers  and  their  mobility  in  the  elec¬ 
trolyte  and  is  often  defined  as  follows: 

<*= 

where  n2-,  z2,  and  /x2  refer  to  the  number  of  charge  carriers,  the  ionic 
charge,  and  the  ionic  mobility,  respectively.  The  ionic  conductivities 
of  the  as-prepared  CPEs  measured  by  the  AC  impedance  measure¬ 
ment  at  30  °C  vs.  the  SAP  content  are  shown  in  Fig.  1.  It  shows 
that  the  ionic  conductivity  of  the  PAN-based  electrolytes  with¬ 
out  SAP  (CPE-0)  was  4.8  x  10-5  Son-1.  The  conductivity  increased 
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Fig.  2.  Arrhenius  plots  of  ionic  conductivities  of  CPE-0,  CPE-1  and  CPE-3. 

with  increase  of  the  SAP  content  up  to  3  wt%.  The  maximum  value 
of  conductivity  obtained  from  CPE-3  was  6.0  x  10-4  S  cm-1,  which 
was  about  12.5  times  higher  than  that  obtained  from  CPE-0,  sug¬ 
gesting  that  addition  of  3wt%  SAP  content  provided  the  most 
suitable  environment  for  the  ionic  transport  and  achieved  the  high¬ 
est  conductivity.  However,  an  excess  of  the  SAP  content  resulted  in 
decreasing  the  ionic  conductivity.  This  is  attributed  to  the  aggre¬ 
gation  of  the  higher  loaded  SAP  particles,  reducing  its  effect  on  the 
salt  dissociation  and  the  ions  transport. 

As  shown  in  Fig.  2,  the  ionic  conductivities  of  CPE-0,  CPE-1, 
and  CPE-3  all  increased  with  increase  of  temperature  in  the 
temperature  range  measured.  The  linear  plots  reveal  that 
the  ionic  conductivity  data  followed  the  Arrhenius  equation, 
cr{T)  =  cr0exp{-EalRT}.  The  fact  that  the  ion  transport  in  CPE-0  fol¬ 
lowed  Arrhenius  equation  is  ascribed  to  the  high  salt  in  the  polymer 
electrolyte,  which  is  known  as  polymer  in  salt,  as  reported  [27,28]. 
On  the  other  hand,  the  ion  transport  in  the  CPE  system  involved 
not  just  the  segmental  movement  of  the  polymer  chains  but  also 
the  filler  added  as  found  in  other  studies  [19,29].  The  Ea  values 
calculated  from  the  Arrhenius  plots  are  listed  in  Table  2.  It  shows 
that  the  Ea  values  of  CPE-1  and  CPE-3  are  about  half  of  that  of 
CPE-0,  indicating  that  the  ions  can  be  activated  more  easily  and 


transport  faster  in  CPE-1  and  CPE-3  between  30  and  80  °C  than 
in  CPE-0  due  to  the  presence  of  SAP.  This  reveals  that  the  charge 
carriers  moved  more  freely  in  the  composite  polymer  electrolyte 
with  SAP  than  that  without  SAP  and  is  attributed  to  the  extra  inter¬ 
actions  between  the  charge  carriers  and  SAP  with  high  surface 
area,  interconnected  pores  and  high  porosity,  which  provided  more 
transporting  sites  and  shorter  pathway  for  transporting  the  charge 
carriers  as  reported  by  Xi  et  al.  [30]  and  Hu  et  al.  [31  ]. 


3.2.  FT-IR  spectroscopy 

FT-IR  spectroscopy  was  used  to  obtain  the  information  of  the 
interactions  among  PAN,  LiC104,  and  SAP  in  CPE.  The  previous  pub¬ 
lications  [32-34]  reported  that  the  change  in  the  absorbance  of 
C104-  that  appeared  between  600  and  650  cm-1  reveals  the  dis¬ 
sociation  of  LiC104.  The  absorbance  was  deconvolved  into  two 
contributions:  the  “free”  anion,  which  does  not  interact  directly 
with  the  lithium  cation,  at  ~624cm-1  and  the  contacted  “ion- 
paired”  anion  at  ~635cm-1.  Accordingly,  the  curve  fitting  of  a 
Gaussian-Lorentzian  peak  to  the  C104-  absorbance  region  for 
CPE-0  and  CPE-3  was  applied  and  is  shown  in  Fig.  3  and  the  cor¬ 
responding  peak  area  ratios  of  the  vibration  peaks  deconvoluted 
are  summarized  in  Table  3.  As  listed,  the  fraction  of  the  free  anions 
increased  with  increase  of  the  SAP  concentration,  implying  that 
addition  of  SAP  reduced  the  amount  of  the  Li+  C104-  ion  pairs, 
i.e.  increased  the  dissolution  of  LiC104  in  the  PAN/SAP  compos¬ 
ite  matrix,  consequently,  increasing  the  charge  carriers  that  would 
enhance  the  ionic  conductivity  of  the  CPE.  Nevertheless,  as  the  SAP 
loading  exceeded  3  wt%  the  fraction  of  the  free  anions  for  the  CPE 
was  decreased.  This  is  ascribed  to  the  aggregation  of  the  high  loaded 
SAP,  which  decreased  the  SAP’s  surface  area,  consequently,  reduc¬ 
ing  the  interaction  of  SAP  with  the  cation  of  the  salt  to  separate 
with  the  anion. 

On  the  other  hand,  because  the  structure  of  PAN  involves  only 
the  simple  C-C  backbone  and  the  C=N  side  groups,  the  change  in 
the  C=N  vibration  absorbance  caused  by  the  presence  of  the  salt 
and/or  the  filler  can  provide  important  information  regarding  the 
change  in  the  interactions  related  to  the  polymer-side  chain  in  the 
CPE.  Fig.  4  shows  the  FT-IR  spectra  of  the  C=N  vibration  absorbance 
of  PAN,  CP-3,  CPE-0  and  CPE-3  between  2200  and  2300  cm-1.  It  is 
seen  that  the  absorbance  of  the  CN  vibration  for  CP-3,  the  compos¬ 
ite  of  PAN  and  3  wt%  of  SAP,  was  almost  the  same  as  that  for  the 
pure  PAN  membrane,  implying  that  no  interaction  between  the  CN 
groups  and  SAP  was  found  in  CP-3.  However,  a  shoulder  absorbance, 
corresponding  to  the  bonded  C=N  vibration,  is  observed  for  the 
composites  CPE-0  and  CPE-3.  According  to  the  previous  report  [35], 
the  absorbance  of  C=N  vibration  was  deconvoluted  into  two  con¬ 
tributions,  the  unbonded  C=N  between  2235  and  2250  cm-1,  and 
the  bonded  C=N  between  2255  and  2270  cm-1,  for  the  CPEs  and 
shown  in  Fig.  5  for  CPE-0  and  CPE-3  as  examples.  As  listed  in  Table  4, 
the  percentage  of  the  bonded  C=N  groups  decreased  with  increase 
of  the  SAP  content.  This  suggests  that  the  interaction  between  Li+ 
and  CN  was  suppressed  due  to  the  presence  of  the  SAP  particles, 
resulting  in  an  enhancement  of  the  ionic  conductivity.  The  result  is 
similar  to  the  result  obtained  in  the  A1203 -containing  PAN/LiC104 
CPEs  [1  ]. 


Table  2 

Ionic  conductivities,  activation  energy  and  mechanical  property  of  CPE-x. 


SAP  (wt%) 

orat30°C(Scm“1) 

Ea  (kj  mol_1)a 

Yield  stress  (kg cm-2) 

Yield  elongation  (%) 

CPE-0 

0 

0.48  xlO-4 

22.0 

16 

141 

CPE-1 

1 

1.35  xl0“4 

10.5 

21 

140 

CPE-3 

3 

6.00  xl0“4 

10.3 

29 

201 

a  The  Ea  values  were  obtained  from  the  data  of  Fig.  2. 
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Fig.  3.  Peak  fitting  of  C104“  absorbance  for  (a)  CPE-0  and  (b)  CPE-3. 
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Fig.  4.  FTIR  spectra  of  C=N  absorbance  for  PAN,  CP-3,  CPE-0  and  CPE-3. 


Table  3 

FT-IR  peak  positions  and  percentage  of  free  C104“  for  CPE-x. 


Sample 

Free  C104“ 

Bonded  C104“ 

(cm-1) 

(%)a 

(cm-1) 

(%) 

CPE-0 

626 

80.2 

636 

19.8 

CPE-1 

625 

80.9 

637 

19.1 

CPE-2 

626 

82.2 

635 

17.8 

CPE-3 

626 

83.7 

637 

16.3 

CPE-4 

626 

81.1 

637 

18.9 

a  The  percentage  of  the  free  C104“  measured  from  the  area  ratio  of  the  deconvo- 
luted  C104“  peaks. 


Table  4 

FT-IR  peak  positions  and  percentage  of  C=N  for  CPE-x. 


Sample 

Unbonded  C=N 

Bonded  C=N 

(cm-1) 

(%) 

(cm-1) 

(%) 

CPE-0 

2239 

42.7 

2258 

57.3 

CPE-1 

2239 

50.2 

2255 

49.8 

CPE-2 

2238 

55.8 

2258 

44.2 

CPE-3 

2238 

65.0 

2258 

35.0 

CPE-4 

2239 

60.4 

2252 

39.6 

In  addition,  as  shown  in  Fig.  6,  a  peak  at  about  1662  cm-1  was 
observed  and  assigned  to  the  C=0  vibration  of  DMF,  indicating  the 
presence  of  the  DMF  solvent  residual.  The  lower  frequency  for  the 
electrolytes  than  for  the  pure  DMF  (1685  cm-1)  is  ascribed  to  the 
interaction  with  the  Li+.  Besides,  it  is  also  found  that  the  intensities 
of  the  C=0  absorptions  are  similar  for  CPE-0  and  CPE-3,  revealing 
that  the  interaction  between  C=0  of  DMF  and  Li+  was  not  changed 
after  addition  of  SAP.  Therefore,  it  is  considered  that  the  solvent 
effect  in  CPE-0  and  CPE-3  were  similar. 

In  all,  the  FTIR  spectra  indicate  that  the  residual  solvent  effect 
was  similar  in  CPE-0  and  CPE-3,  while  the  interaction  between  Li+ 
and  CN  groups  was  suppressed  due  to  the  presence  of  the  SAP  par¬ 
ticles.  Besides,  it  also  reveals  that  the  dissolution  of  the  LiC104  salt 
was  increased  in  the  SAP-containing  CPEs,  implying  that  the  disso¬ 
lution  of  lithium  ion  was  achieved  by  coordinating  with  the  residual 
DMF,  PAN  chain  as  well  as  SAP  in  CPEs. 

3.3.  Solid-state  NMR 

7Li  MAS  NMR  with  high  power  proton  decoupling  was  used  to 
investigate  the  coordination  around  the  lithium  ions  of  CPE-0  and 


2300  2280  2260  2240  2220  2200 

Wavenumbertcm*1) 


Wavenumbedcm*1) 


Fig.  5.  Peak  fitting  of  the  C=N  absorbance  for  (a)  CPE-0  and  (b)  CPE-3. 
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Wavenumber  (cm'1) 

Fig.  6.  FTIR  spectra  of  C=0  absorbance  for  CPE-0  and  CPE-3. 

CPE-3.  The  spectra  are  shown  in  Fig.  7  and  the  corresponding  data 
are  summarized  in  Table  5.  It  is  found  that  the  7Li  chemical  shift  (in 
ppm)  was  significantly  increased  from  -0.35  ppm  to  -0.03  ppm 
after  addition  of  SAP,  which  is  very  close  to  0  ppm,  the  chemical 
shift  of  the  free  lithium  ion  in  the  aqueous  LiCl  solution,  i.e.  the 
Li+  ions  in  CPE-3  were  less  shielded  and  their  environments  were 
more  similar  to  that  in  the  aqueous  LiCl  solution  than  that  in  CPE-0. 
This  reveals  that  due  to  the  presence  of  SAP  the  Li+  ions  in  CPE-3 
were  in  a  freer  ionic  configuration  than  in  CPE-0  and  could  migrate 
as  free  as  that  in  the  aqueous  LiCl  solution.  Besides,  the  half  width 
(defined  by  the  full  width  at  half  height  of  the  main  peak,  FWHM) 
of  an  NMR  peak  is  known  to  reflect  the  ion  mobility  in  the  polymer 
electrolyte  system.  As  indicated  in  Table  5,  the  FWHM  for  CPE-3  is 


CPE-3  CPE-0 


1  J 


ppm 

Fig.  7.  Solid  state  7 Li  MAS  NMR  of  CPE-0  and  CPE-3. 


Table  5 

7 Li  NMR  data  of  the  CPE-0  and  CPE-3. 


Sample 

Chemical  shift  (ppm) 

FWHM  (ppm) 

CPE-0 

-0.35 

0.30 

CPE-3 

-0.03 

0.15 

much  smaller  than  that  for  CPE-0,  confirming  that  the  mobility  of 
the  Li+  ions  in  CPE-3  was  higher  than  that  in  CPE-0  [36,37].  The  NMR 
results  suggest  that  in  SPE-3  there  were  coordination  between  Li+ 
ions  and  SAP  as  revealed  by  the  FTIR  results  discussed  above. 


O  # 

H 


Fig.  8.  The  proposed  conduction  mechanism  of  the  lithium  ion  in  CPE. 
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potential(V  vs.  Li/Li+) 

Fig.  9.  Linear  sweep  voltammograms  of  CPE-x. 

According  to  the  FT-IR  and  NMR  results,  except  hopping  through 
the  polymer  chains,  well  known  for  the  polymer  electrolyte,  the 
lithium  ion  conduction  mechanism  involving  the  SAP  particles  in 
CPE  prepared  may  be  proposed  as  following.  As  indicated  in  Fig.  8, 
the  Li+  ions  might  migrate  through  (1 )  the  PAN-SAP  interface  with 
the  possible  complexes  formed  by  weakly  coordinating  to  the  C=N 
groups  of  PAN  and  the  Lewis-base  sites,  the  Si-O-Si  sites  on  the 
exterior  surface  of  SAP,  and  (2)  the  vacancies  of  SAP,  which  pro¬ 
vided  a  shorter  path  with  the  possible  complexes  formed  by  weakly 
coordinating  to  the  Si-O-Si  sites  on  the  interior  surface  of  the  SAP 
mesopores. 

3.4.  Mechanical  property 

With  the  improvement  in  ionic  conductivity  by  addition  of  SAP, 
preserving  the  mechanical  strength  is  important  for  CPE  as  well. 
However,  for  most  of  the  polymer  electrolytes  an  enhancement  of 
conductivity  usually  leads  to  a  reduction  of  the  mechanical  stabil¬ 
ity  and  vice  versa.  Therefore,  few  mechanical  property  data  of  the 
conductive  polymer  electrolytes  have  been  reported.  Nevertheless, 
the  CPEs  prepared  in  this  study  were  strong  enough  for  measure¬ 
ment.  As  can  be  seen  in  Table  2,  the  yield  stress  of  CPE  was  increased 
with  increasing  the  SAP  content  and  about  201  %  of  yield  elongation 
was  obtained  for  CPE-3  which  could  result  in  a  better  contact  with 
the  electrodes  than  CPE-0.  This  result  also  supports  that  the  CPE 
membranes  prepared  were  solid  type  polymer  electrolytes. 

3.5.  Electrochemical  stability 

The  electrochemical  stability  of  the  composite  polymer  elec¬ 
trolyte  films  were  studied  by  the  linear  sweep  voltammetry 
and  cyclic  voltammetry  analyses.  As  can  be  seen  in  Fig.  9(b), 
the  voltage  breakdown  of  CPE-0  occurred  at  about  3.5  V,  while 
that  of  CPE-1  and  CPE-3  occurred  at  about  4.5  V,  indicating  that 
the  PAN/LiC104  polymer  electrolyte  was  electrochemically  sta¬ 
ble  up  to  4.5  V  due  to  addition  of  SAP.  This  implies  that  all 
the  SAP-containing  CPEs  had  a  higher  anodic  stability  than  CPE- 
0  and  met  the  requirement  for  application  in  lithium  polymer 
battery. 

In  addition,  the  electrochemical  stabilities  of  CPE-0  and  CPE-3 
were  investigated  by  the  cyclic  voltammetry  analysis  between  0  V 
to  4  V  for  the  cells  fabricated  with  CPE-0  and  CPE-3.  The  CV  curves 
of  the  first  50  cycles  for  CPE-0  and  CPE-3  are  displayed  in  Fig.  10(a) 
and  (b),  respectively.  As  can  be  seen,  the  Li  stripping  occurred  at 
2.2  V  (oxidation  process)  and  the  deposition  took  place  at  1.7  V 


Fig.  10.  Cyclic  voltammograms  of  (a)  CPE-0  for  first  50  cycles,  (b)  CPE-3  for  first  50 
cycles,  (c)  cycle  50  of  CPE-0,  cycle  50  and  cycle  100  of  CPE-3. 

(reduction  process),  which  is  higher  due  to  the  poor  interface 
between  the  solid  type  electrolyte  and  the  Pt  electrode  than 
the  liquid  or  gel  type  electrolytes.  Besides,  it  was  also  possi¬ 
ble  caused  by  that  the  Pt  was  mounted  on  an  SS  substrate  of 
the  measurement  assembly  and  the  Li-Pt  alloy  was  probably 
formed,  of  which  a  detail  investigation  is  needed  in  the  future 
work.  Nevertheless,  it  is  found  that  under  the  same  measure¬ 
ment  condition,  the  peak  current  of  CPE-3  was  much  higher 
than  that  of  CPE-0  for  all  the  cycles  and  the  peak  current  of 
cyclelOO  for  CPE-3  was  even  higher  than  that  of  cycle  50  for 
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Fig.  11.  Charge/discharge  curves  and  columbic  efficiency  of  Li/CPE-3/LiFeP04  bat¬ 
tery  vs.  cycle  number  at  room  temperature.  The  test  was  carried  out  at  discharge 
rate  of  0.5  C  within  the  voltage  range  of  2. 5-4.2  V. 

CPE-0  as  indicated  by  Fig.  10(c),  revealing  that  CPE-3  had  better 
electrochemical  stability  and  cyclability  than  CPE-0  between  OV 
and  4  V.  This  is  ascribed  to  that  the  lithium  ion’s  mobility  was  higher 
in  CPE-3  than  CPE-0  due  to  the  extra  transport  paths  provided  by 
SAP  as  discussed  above. 

3.6.  Charge-discharge  capacity 

The  charge/discharge  curves  of  the  coin  cell  fabricated  with  CPE- 
3  were  shown  in  Fig.  11(a).  This  coin  cell  delivered  a  discharge 
capacity  of  120,  122  and  121  mAhg-1  at  0.5  C  rate  for  the  first, 
tenth  and  twentieth  charge/discharge  cycle,  respectively.  After  20 
cycles,  the  coin  cell  still  retained  about  100%  of  the  initial  dis¬ 
charge  capacity.  As  shown  in  Fig.  11(b)  the  columbic  efficiency, 
the  ratio  of  discharge  capacity  to  charge  capacity,  was  89.9%,  93.6% 
and  94.1%  for  the  first,  tenth  and  twentieth  cycle,  respectively. 
This  suggests  that  CPE-3  was  quite  stable  in  the  charge-discharge 
process  and  the  possible  passivated  film  on  the  anode  and  the  cath¬ 
ode  surface  to  cause  charge  transfer  difficulties  were  efficiently 
suppressed. 

4.  Conclusions 

This  study  demonstrated  that  dispersing  the  silica  aerogel 
powder  (SAP)  into  the  PAN/LiC104  polymer  electrolyte  made  the 
composite  a  better  polymer  electrolyte  than  that  without  SAP.  The 
results  showed  that  due  to  the  presence  of  SAP  the  over  all  dis¬ 
solution  percentage  of  the  LiC104  salt  was  higher  and  the  Li+  ions 
could  migrate  more  freely  in  CPE  than  in  CPE-0,  resulting  in  higher 


ionic  conductivity.  This  is  ascribed  to  that  the  interaction  of  Li+ 
and  C=N  was  weakened  due  to  the  possible  coordination  of  Li+ 
with  SAP,  which  also  assisted  to  dissolve  the  LiC104  salt.  Besides, 
as  the  proposed  conduction  mechanism,  the  Li+  ions  not  only  could 
transport  by  the  conventional  hopping  way  through  the  polymer 
chains,  but  also  could  migrate  through  the  SAP-PAN  interface  and 
the  vacancies  in  SAP  by  the  formation  of  the  possible  complexes. 
The  presence  of  SAP  not  only  increased  the  concentration  of  the 
solvated  Li+,  the  interconnected  mesopores  of  SAP  with  high  sur¬ 
face  area  and  high  porosity  also  provide  more  transporting  sites 
and  shorter  pathway,  resulting  in  increasing  the  mobility  of  the 
Li+  ions  in  the  electrolyte.  Therefore,  the  ionic  conductivity  of  the 
SAP-containing  polymer  electrolyte  was  enhanced.  The  ionic  con¬ 
ductivity  of  the  PAN/LiC104/SAP  composite  polymer  electrolyte  was 
increased  about  12.5  times  when  3wt%  of  SAP  was  added  to  the 
composite.  The  results  of  the  cyclic  voltammetry  measurements 
showed  that  the  anodic  and  cathodic  peaks  were  well  maintained 
after  1 00  cycles,  confirming  that  CPE-3  had  excellent  electrochemi¬ 
cal  stability  and  cyclability  over  the  potential  range  between  0  V  and 
4  V  vs.  Li/Li+.  Besides,  the  charge-discharge  of  the  coin  cell  fabri¬ 
cated  with  CPE-3  showed  that  the  discharge  capacity  of  the  coin  cell 
was  about  120  mAh  g-1  and  after  20  charge-discharge  cycles  the 
coin  cell  still  retained  almost  100%  of  the  initial  discharge  capacity. 
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